Protein factor rho catalyzes site-specific termination of transcription in a reaction requiring hydrolysis of nucleoside triphosphate with eventual release of RNA from RNA polymerase and DNA template.
INTRODUCTION
The protein factor rho from E.coli causes termination of RNA synthesis at specific sites on the DNA template, with eventual release of RNA from DNA and RNA polymerase (1) .
It also possesses an RNA-dependent nucleoside triphosphate hydrolase activity (2) , which is required for its termination function (3, 4) . Meanwhile, it has been shown that the rate of RNA chain elongation temporarily halts or slows down (pauses) even in the absence of any auxiliary factor at certain sites on the template including those assigned as rho-dependent termination sites (5, 6) . These findings have led to the current theory ('pausing'model) that rho essentially interacts with transcription complexes which have reached the 'pausing' sites, thereby effecting the release of RNA from them through an energy-requiring reaction (6, 7) . However, details of the assumed reaction processes are still poorly understood.
To further elucidate the precise molecular mechanism involved in rhocatalyzed termination, we have investigated the possibility that the putative 'paused' transcription complexes might be isolated intact so as to allow direct studies of the molecular interaction of rho factor with them. This paper describes the results of such studies using T7 and A DNA as templates.
Ternary transcription complexes containing DNA, RNA polymearse and nascent RNA, as isolated by gel filtration chromatography, were shown to retain reactivity with rho factor. Rho can release RNA from isolated ternary complexes in the presence of a single nucleoside triphosphate as a sole substrate for rho-dependent NTPase activity with a site-selectivity similar to that of rho-induced transcriptional termination. While this study was in progress, a brief report on a similar approach was presented by Galluppi and Conaway (8) .
MATERIALS AMD METHODS
Materials.
The deletion mutant of bacteriophage T7, AD111 (9) , and bacteriophage
XcI857S7 were grown and isolated as described previously (10, 11) . DNA was isolated from purified phage by the phenol extraction method (11) . RNA polymerase holoenzyme, purified from E.coli K12 according to Burgess and Jendrisak (12) , was the generous gift of C.S. Park. Rho protein was purified from E.coli K12 by the method of Roberts (1) with some modification (13) .
Concentrations of RNA polymerase and rho protein were calculated from the absorbance at 280 nm using E2g 0nm of 6.2 (14) and 6.0 (15), respectively.
H-GTP was purchased from Schwarz/Mann. Unlabeled nucleoside triphosphates, adenylyl imidodiphosphate (AMP-PNP) and cytidylyl adenosine (CpA) were purchased from PL Biochemicals, Inc., bovine serum albumin from Pentex, nitrocellulose membrane filter from Schleicher and Schull(Type BA85), and Biogel A-5M from Bio-Rad. Rifanpicin was from Lepetlt S.P.A. All other chemicals were of standard reagent grade.
Preparation of Ternary Transcription Complexes.
Unless otherwise specified, transcription reaction in most experiments was carried out in a reaction mixture containing 40 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 50 mM KC1, 0.1 mM EDTA, 0.1 mM dithiothreitol (DTT), 50 pg/ml bovine serum albumin, 6 (Jg/ml RNA polymerase, 90 ug/ml T7 Dill DNA, 10 uM each of ATP, CTP, DTP and 3H-GTP (8 to 16 mCi/mmol) and 0.3 mM CpA. The complete reaction mixture except for omission of nucleoside triphosphates was preincubated at 37°C for 5 ml.n and RNA synthesis was started by adding 4 nucleoside triphosphates. After 1 min of synthesis, initiation of RNA synthesis was halted by adding rifanpicin (20 pg/ml). Subsequently, a 250ul-sample was taken out at various time intervals, immediately mixed with 10 (jl of 0.5 M EDTA to completely stop RNA synthesis, and quickly chilled on ice.
Ternary transcription complexes were then isolated essentially as described by Rhodes and Chamberlin (16) . All operations hereafter were done at 4°C.
The above sample was loaded on a column (1*6.5 cm) of Agarose-5M equilibrated with a buffer containing 40 mM Trls-HCl (pH 8.0), 10 mM MgCl 2 , 0.1 mM EDTA, 0.1 mM DTT, 50 mM KC1 and 5Z (v/v) glycerol. Ternary complexes containing H-labeled nascent RNA was eluted in a void-volume fraction (about 1 ml), being completely separated from unincorporated nucleoside triphosphates.
A column of minimum sufficient size was used here to minimize the time of elution (approximately 10 min) and thereby to prevent potential lnactivation of ternary complexes during the isolation process. Ternary complexes thus isolated were kept at 4°C and used for reaction with rho factor within 2 to 3 hours. For analysis of the size distribution of RNA, the reaction mixture for the RNA release reaction was appropriately scaled up so as to yield an RNA sample with a sufficiently high radioactivity (5xlO 4 by exposing dried gel to X-ray film (Kodak X-Omat R ) at -70°C (19).
RESULTS

Isolation and Basic Properties of Ternary Transcription Complexes.
It has been shown that pausing of E.coli RNA polymerase during RNA synthesis is particularly enhanced when the transcription is allowed to proceed at very low concentrations of nucleotides (5, 6) . In view of the 'pausing' model of rho-mediated termination, it is interesting to examine whether ternary transcription complexes in such a pausing state might be isolated intact without losing their presumptive susceptibility to rho factor.
In the present study, DNA from a deletion mutant of T7 phage, AD111 (9) We next investigated whether rho might operate its RNA releasing activity against isolated ternary complexes using a membrane filtration method. The transcription complexes containing 3n_i a beled nascent RNA were incubated with rho factor in the presence of suitable nucleoside triphosphate as a substrate for rho factor. After arresting rho activity by addition of heparin, the reaction mixture was gently filtered through a nitrocellulose membrane. The addition of heparin was also found to be effective in preventing rebinding of dissociated RNA by RNA polymerase and rho. The amount of radioactivity retained on the membrane and that recovered in the filtrate were taken as representing intact ternary complexes and free RNA, respectively. Under similar conditions, rho alone caused little retention of free RNA molecules (less than 3 Z of total), when this was tested using RNA isolated from ternary complexes (Table 1 , (a)). In control experiments where either rho factor or nucleotide or both were omitted, the radioactivity of nascent H-RNA was retained on the filter with an efficiency of 70 to 90 I, depending on the preparation and freshness of transcription complexes (Table 1) .
This efficiency tended to decrease gradually with the time of incubation at 37°C, presumably due to partial disruption of ternary complexes during incubation or contaminating RNase activity in the reaction mixture. That the intact ternary complexes were necessary for retention of nascent 3H-RNA on the membrane was evident from the observation that the radioactivity retained on the membrane was almost abolished completely when the complexes were denatured by addition of SDS. When ternary complexes were incubated with both rho and ATP, the proportion of fret RNA increased significantly over the The results of RNA release assay were expressed as the fraction of radioactivity retained on a membrane filter.
Where indicated, ternary complexes were denatured by addition of SDS (final concentration 0.1 X (w/v)) before filtration, or RNA was isolated from the complexes by phenol treatment and then subjected to the filtration assay after incubation with or without rho.
The values given in columns (A) and (B) represented means of duplicate measurements.
The error of measurements was estimated to be i 3 X or less. suggests that the hydrolysis of nucleoside triphosphate by rho is required for its RNA releasing activity as it is for its termination activity (3, 4) .
In the subsequent experiments, dATP was used throughout as a substrate for rho factor, since this deoxynucleotide might be sparingly used for RNA synthesis, if to any extent (22) , and accordingly affect the functional states of ternary complexes less than ATP. Rho and nucleoside triphosphatedependent release of RNA was also detectable by using other procedures for separation of ternary complexes and released RNA, such as gel filtration on an
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Agarose-5M column and electrophoresis in Agaroae gel (8, 23) . Compared with the membrane filtration procedure, however, these methods were more time consuming, and particularly, the electrophoretic procedure gave consistently higher background values (50 to 60 Z) for free RNA in control experiments without rho, implying a greater disruption of ternary complexes during separation as reported previously (23) .
The data presented in Fig.l Table 1 ) were used. The RNA release reaction was carried out under the standard conditions except that a single parameter was varied in each series of experiments: A, the dATP concentration; B, the rho concentration; C, the incubation time.
In experiment C, the reaction mixture was supplemented with 4 ribonucleoside triphosphates (10 pM each) where indicated.
The extent of rho-dependnet RNA release was calculated in the same way as in Table 1 . The extent of rho-dependent RNA release was determined in the same way as in Table 1 Table 1 ). Incidentally, it was found that incubation of the transcription complexes with a higher concentration of 4 NTP's (0.1 mM each) resulted in an extensive release of RNA even in the absence of rho, presumably because RNA chains were rapidly elongated to the end of the early transcription region (Fig. 3, lanes lb and 3a) , where transcription has been known to terminate spontaneously (20) . These observations confirmed that the rebinding of free RNA by rho or RNA polymerase was negligible under the assay conditions.
Another trivial possibility for the limited RNA release observed here is that a certain fraction of RNA chains might fail to pass through the membrane, The electrophoretogram of the reaction products (Fig.3, lane 3b) showed that a majority of RNA species initially present were chased into large RNA products ( >23S) except for those species whose electrophoretic pattern closely coincided with that of RNA released by rho at the first stage of incubation (Fig. 3, lane 2d This possibility seems less likely because essentially similar results were obtained when the ternary complexes were prepared using a higher concentration of A nucleotides (0.1 mM each) but in the absence of primer (data not presented).
3. Site Selectivity o£ RNA Release bjr Rho Factor.
To determine whether the RKA releasing activity of rho is site-selective or not, we further investigated the size distribution of released RNA in comparison with that of the total RNA originally present in ternary complexes.
Upon gel electrophoresis, total RNA samples from the ternary complexes obtained after successive intervals of RNA synthesis showed overlapping series of discrete bands which are indicative of pausing events at numerous sites (Fig.   A, lanes 2-5a) . As many as 20 such sites were identifiable in the molecular weight range from below AS to 16S at the present electrophoretic resolution.
Released RNA also showed conspicuous banding patterns, which partly corres- In each series of analysis, the same amount of ternary complexes (1.5-2.0 x 10-5 cpm) were used both for direct analysis of total RNA and RNA release reaction with rho.
Also shown for comparison were the electrophretic patterns of RNA formed by 20 min of transcription at 0.1 mM each of A rlbonucleoside triphosphates in the absence (lane la) and presence (lane lb) of rho factor. pond to those of total RNA (Fig.4, lanes 2-5c) .
However, some bands as well as diffuse stains extending between bands present in total RNA were missing or less dense in released RNA. Such tendency was particularly notable when the size of RNA was shorter than 8-9S. Beyond this size range, mo3t of discrete RNA species detectable were released by rho to some significant extents, but not to completion. However, there also existed a few particular RNA species which were either almost completely released or
conversely not released at all (cf. Fig. 3, lanes 2c and d; Fig. 4 , lanes 4b and c).
It should be emphasized that the electrophoretic pattern of RNA not released by rho factor (Fig. 4, lanes 2-5b) In these cases, major RNA bands distributed in the range of 12S to 16S closely coincided with those of RNA species which were effectively released from the ternary complexes by rho (Fig. 3, lane 2d; Fig. 4 , lanes 4c and 5c). This suggests that the site selectivity of rho is essentially similar in its reaction with ternary complexes either during normal RNA synthesis or in the isolated state. We have also studied RNA releasing activity of rho using transcription complexes containing ADNA template. The results were qualitatively very similar to those obtained with T7 DNA template (Fig. 5) .
DISCUSSION
The present study has demonstrated that ternary transcription complexes containing DNA, RNA polymerase and nascent RNA can be isolated in a relatively stable state without losing the sensitivity to rho factor as well as the capacity for RNA chain elongation.
In keeping with the previous report (8) ,
rho was shown to cause release of RNA from ternary complexes in the presence of ATP as a sole substrate and under the conditions where RNA chain elongation was restricted. The RNA release activity of rho could be conveniently assayed by using the membrane filtration procedure in a semi-quantitative manner. For preparation of ternary complexes, RNA synthesis was carried out using 10 IJM each of 4 nucleotides and 0.3 mM CpA to facilitate selective initiations at PL and PR promoters.
The duration of RNA synthesis used for isolation of ternary complexes were: 2, 2 min; 3, 5 min; 4, 10 min. This method has the advantages in speed, minimum inactlvation of the ternary complexes during manipulations, and ease of the subsequent analysis of fractionated RNA, over other available methods such as gel filtration chromatography, electrophoresis in agarose gel (8, 23) , and differential centrifugation (1) . Characterization of rho function in the present system has provided evidence which lends support to and helps further define the pausing model of transcription termination.
The RNA releasing activity of rho has been known since its discovery (1). However, it has remained to be established whether the RNA release is an Indispensable step of rho-mediated termination or a gratuitous consequence of the latter. In the present study it was shown that the RNA release activity required the presence of hydrolyzable nucleoetde triphosphate as does the termination activity. RNA terminated by rho was shown to closely correspond to released RNA both in their quantity and sire distribution (Fig. 3, lanes 2d and 3b) . Moreover, RNA chains could be almost quantitatively released from, ternary complexes under conditions where rho effected a complete termination of RNA synthesis (Fig.   lc) . These results are consistent with the view that the primary function of rho is to release RNA (7, 24) .
Another important finding is that the rho-catalyzed RNA release from isolated ternary complexes operates in a site-selective manner as does the termination in a normal transcription system. This contention is supported by the following observation: (1) The extent of RNA release showed a plateau in the presence of saturating amounts of rho and ATP (or dATP) after a sufficient duration of incubation, the level of the plateau depending on the conditions of RNA synthesis prior to isolation of the ternary complexes ( Table 1 The most likely explanation may be that the ternary complexes located at a given pause site could exist in more than one state with differing sensitivity to rho factor. It is possible that the ternary complexes may be actually pausing at multiple neighboring positions, which are indistinguishable by the gel electrophoresis used here. Interesting to note in this connection, it has been demonstrated that within a number of rho-dependent and independent termination sites sequenced so far, the product RNA generally ends not at a single base position but rather at several adja-cent residues with various frequencies (18, 28) . On the other hand, the complexes may assume heterogeneous conformations even if they are pausing at the same base position. The heterogeneity could lie either in the secondary structure of nascent RNA or in the overall molecular integrity of the ternary complexes.
In either case, the proper interaction between rho and the ternary complexes seems to depend critically on some stringent conditions in addition to the pausing event.
An alternative explanation for the partial release of RNA by rho is that the reactivity of the ternary complexes with rho may be partly damaged during their preparation or somehow inhibited under the assay conditions used. The possibility of improving the yield of RNA release is currently being pursued.
It should also be noted that the amount of rho required for maximal RNA release (ca. 10 Mg/ml) is much higher than that needed for efficient rho-dependent termination (less than 1 pg/ml) (1).
As discussed before, the isolated ternary complexes probably contain a considerable fraction of subpopulations which have intrinsically low sensitivities to rho factor.
Existence of termination sites requiring similarly high levels of rho has been demonstrated in a few bacterial operons (29) . Previous studies of rhodependent termination have been centered at major termination sites which are readily detectable in standard transcription systems with relatively high concentration of substrates (0.1 mM or more) In contrast, the present system allowed us to detect many more sites for termination on T7 Dill DNA:
as many as 10 sites could be counted In the range of molecular size from 6S to 16S at the present resolution of gel electrophoretic analysis. Although the biological significance for such a number of termination sites is not known at the present, their further characterization in comparison with the known major termination sites (17, (25) (26) (27) may be instructive in broadening our scope Into the molecular baais for the site selectivity and the regulation of transcription termination by rho factor.
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